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Received 30 May 2013; accepted 26 June 2013AbstractFirst-principles calculations within generalized gradient approximation have been performed to investigate ideal strengths of anti-fluorite
structured Mg2X (X ¼ Si, Ge, Sn and Pb) compounds. The present calculations showed that the ideal tensile strengths of Mg2X occur in the
[111] directions while the ideal shear strengths appear in the (111) [11-2] systems. Both ideal tensile strength and shear strength of Mg2X
(X ¼ Si, Ge, Sn and Pb) decreased gradually with the increase of atomic number of X. The microscopic process and inherent mechanisms of
mechanical properties were discussed from the evolution of electronic structures during strain.
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Recently, anti-fluorite structured Mg2X (X ¼ Si, Ge, Sn and
Pb) compounds have been studied intensively in several areas
of research [1e4] due to their intriguing properties of excep-
tionally good thermo-electric properties, low density and low
coefficient of thermal expansion [4e6]. Furthermore, me-
chanical properties of these Mg2X compounds have also
received more attention [7e9]. Ganeshan et al. have studied
the influence of temperature on elastic properties of Mg2X
(X ¼ Si, Ge, Sn and Pb) compounds [10]. Duan et al. have
reported the thermal stability and the elastic property of* Corresponding author. Department of Physics, Xiangtan University, Hunan
Province 411105, China. Tel.: þ86 731 58292195; fax: þ86 731 58292468.
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http://dx.doi.org/10.1016/j.jma.2013.06.002Mg2Pb [11]. However, studies on mechanical properties of
these compounds at large strains are very scarce and dissim-
ilarities of strength of Mg2X compounds are far from clarifi-
cation. As the upper bound of macroscopic mechanical
properties is determined by the chemical bonds at large strains
[12,13], the further investigation of Mg2X compounds at large
strains are very necessary and urgent.
Generally, there are two methods to describe the mechan-
ical properties of a material. One is the second derivative of
the total energy with respect to small strain, called the elastic
constants; and the other is the ideal strength, which is the first
derivative of the total energy with respect to strain at the
critical point where instability occurs under deformation [13].
Elastic properties have been widely used for the prediction of
qualitative trends of mechanical properties of materials,
sometimes even for quantitative descriptions [14,15]. How-
ever, the elastic constants are achieved only within the elastic
range at small strains and cannot predict precisely the prop-
erties of materials because of nonlinear response stresses at
large strains. The ideal strengths are obtained from the entire
stressestrain curves, which would provide more information
about mechanical properties in the entire deformationngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Table 1
The calculated equilibrium lattice constants (A) together with the experimental
data and other theoretical values.
Mg2Si Mg2Ge Mg2Sn Mg2Pb
Present 6.36 6.42 6.82 6.94
Expt. 6.34a 6.39b 6.76c 6.84d
Calculated 6.358e 6.423e 6.825e 6.944e, 6. 944f
a Ref. [37].
b Ref. [38].
c Ref. [39].
d Ref. [40].
e Ref. [8].
f Ref. [11].
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of Mg2X compounds.
Ideal strength is defined as the lowest peak stress of all the
stressestrain curves, which is the lowest stress required for
cleavage or fracture of perfect crystal [19,20]. So, ideal
strength sets an upper limit for material strength. In detail,
ideal tensile strengths are related to cleavage processes [17,21]
and ideal shear strengths are connected with hardness, as
discussed and confirmed in Refs. [18,22], where the calculated
ideal shear strengths are close to the results of nano-
indentation. Thus, the study of ideal strength of Mg2X com-
pounds at large strains would deepen the understanding of
mechanical properties and microscopic mechanisms [23].
Currently, calculation of ideal strength by stressestrain curves
is more mature in computational physics [18,24e26].
In this paper, the mechanical properties of Mg2X (X ¼ Si,
Ge, Sn and Pb) in entire strain range are systematically
investigated via first-principle calculation, including ideal
tensile strength and ideal shear strength. The variation features
for the ideal tensile strengths and shear strengths of Mg2X
have been further determined. The atomistic deformation
models are further studied to reveal the microscopic process,
and charge densities of Mg2X compounds are also examined
to understand the underlying mechanisms.
2. Method
The present calculations were carried out using the Vienna
ab initio simulation package (VASP) [27]. The projector
augmented wave (PAW) method and Perdew-Wang (PW91)
parameterization of the generalized-gradient approximation
(GGA) [28] have been adopted to treat core-valence electron
interactions and exchange-correlation functional, respectively.
The cutoff energy of plane wave was set at 400 eV, and
18  18  18 k-point mesh of Monkhorst-Pack scheme was
used for Brillouin zone integrations [29]. Total energy calcu-
lations were carried out by linear tetrahedron method with
Blo¨chl corrections [30]. The equilibrium lattice constants of
anti-fluorite structured Mg2X compounds were obtained by
fitting the total energy at different lattice constants to
BircheMurnaghan equation of state (EOS) [31]. At small
strain in elastic range, the three independent elastic constants
C11, C12 and C44 of these cubic symmetry materials can be
obtained by fitting the energyestrain curves [32,33]. For the
calculations of ideal strengths, the applied strain path is
continuous and the starting position for each strain step is
taken from the relaxation coordinate of the previous strain step
[12,18,34]. During the tensile strain, the atomic basis vectors
of a given crystal cell are projected onto the Cartesian co-
ordinates with one axis vector being parallel to the imposed
strain direction. During the shear strain, one axis vector is
perpendicular to the slip plane and the other one is parallel to
the slip direction in the slip plane [34]. With the exception of
the fixed strain component, both the atomic basis vectors and
the atom coordinates have been fully relaxed using a quasi-
Newton method until the conjugate HellmanneFeynman
stresses are less than 0.1 GPa [17,24,35,36]. For the tensilestrain, the relationship between the engineering strain 3and
the corresponding tensile stress s meets this equation
stensile ¼ 1
Vð 3Þ
dE
d 3
ð1Þ
For the shear strain, the shear stress t can be calculated
from the true shear strain g via the following equation
tshear ¼ 1
VðgÞ
dE
dg
ð2Þ
The symbol E and V represent respectively the energy and
volume of cells at a given strain.
3. Results and discussion
The optimized lattice constants of the Mg2X (X ¼ Si, Ge,
Sn and Pb) compounds are shown in Table 1. It can be seen
that with the increase of atomic number of X element, the
lattice constants of the Mg2X compounds become larger. The
calculated results are in good agreement with available
experimental data and other theoretical values [8,11,37e40],
indicating that the present calculations are reasonable and
reliable.
Then the elastic constants are calculated and elastic
modulus are further derived using VoigteReusseHill (VRH)
approximation [41], the derived results are shown in Table 2,
together with available experimental data and other theoretical
calculation values. It is found that the C11, C12 and C44 exhibit
overall decline tendency, and the bulk modulus B, shear
modulus G and Young’s modulus E of Mg2Si are the largest
ones, followed by Mg2Ge, Mg2Sn and Mg2Pb, indicating that
Mg2Si is the stiffest. Poisson’s ratio is also an important elastic
parameter and could be used for distinguishing brittleness and
ductility [42]. The values of Poisson’s ratio for all four Mg2X
compounds are smaller than the critical value 1/3, implying
that all four Mg2X compounds are brittle. The results are in
accordance with theoretical values [8] and experimental
measurements [37e39,43]. However, the predictability of
hardness and brittleness from the equilibrium properties is
very limited, because plastic deformation occurs far from
equilibrium upon bond breaking and reconstruction.
Table 2
The calculated results of elastic properties in comparison with the experi-
mental and other theoretical values.
Compound C11 C12 C44 B G E G/B n
Mg2Si 117.6 23.2 45.5 54.7 46.2 108.1 0.84 0.17
Mg2Si [37] 121.0 22.0 46.4 55.0 47.6 110.9 0.87 0.16
Mg2Si [8] 116.7 23.1 45.3 54.3 45.9 107.4 0.85
Mg2Ge 108.5 21.2 42.2 50.3 42.8 100.0 0.85 0.17
Mg2Ge [38] 117.9 23.0 46.5 54.6 46.9 109.4 0.86 0.17
Mg2Ge [8] 107.3 21.1 41.8 49.8 42.3 98.9 0.85
Mg2Sn 83.5 22.3 35.4 42.7 33.4 79.5 0.78 0.19
Mg2Sn [39] 82.4 20.8 36.6 41.3 34.2 80.3 0.83 0.18
Mg2Sn [8] 69.8 25.9 31.1 40.5 27.4 67.1 0.68
Mg2Pb 71.2 21.7 29.2 38.2 27.3 66.2 0.72 0.21
Mg2Pb [43] 71.7 22.1 30.9 38.6 28.3 68.2 0.73 0.21
Mg2Pb [8] 55.2 23.3 24.3 33.9 20.9 52.1 0.62
165T.-W. Fan et al. / Journal of Magnesium and Alloys 1 (2013) 163e1683.1. Ideal tensile and shear strengthTo study completely mechanical properties of these four
Mg2X (X ¼ Si, Ge, Sn and Pb) compounds, the ideal tensile
and shear strengths are calculated. The fcc crystallographic
directions, including all the body-diagonal, surface-diagonal
and lattice primitive-vector directions of the cubic unit cell,
are expected paths to impose strain. The calculated tensile
stresses as a function of strains are shown in Fig. 1. Obviously,
at small tensile strains, nearly linear stress response is
exhibited along all tensile directions. In all three directions,
the slopes of stressestrain curves for Mg2Si, Mg2Ge, Mg2Sn
and Mg2Pb are in descending order, showing that the Young’sFig. 1. The tensile stressestrain curves of Mg2X under uniaxial
Fig. 2. The shear stressestrain curves of Mg2Xmodulus of Mg2Si, Mg2Ge, Mg2Sn and Mg2Pb are decreased
in sequence, which is consistent with the prediction from
elastic properties. Nonlinear behavior is followed at larger
strain, and then the stress starts to fall at the critical strain.
Therefore, when imposed stress exceeds the peak tensile
stress, structural fracture will occur. The peak tensile stress of
Mg2X compounds decreases gradually with increasing atomic
number of X element in all [001], [011] and [111] directions.
The peak tensile stress in [111] direction corresponds to the
ideal tensile strengths of Mg2X compounds due to its lowest
value. The ideal tensile strengths of Mg2Si, Mg2Ge, Mg2Sn
and Mg2Pb are respectively 5.63 GPa, 5.03 GPa, 3.57 GPa and
2.70 GPa, being in descending order, and the corresponding
critical tensile strains are 0.40, 0.41, 0.43 and 0.48, being in
ascending order.
Fig. 2 displays the obtained shear stresses as a function of
the applied shear strains on the easy-slip (111) plane along the
[110] and [11-2] directions, together with (001)[110] shear
stressestrains curves. The linearity and nonlinearity are also
exhibited under small and large shear strains, respectively. The
descending slope of stressestrain curve for Mg2Si, Mg2Ge,
Mg2Sn and Mg2Pb under small shear strains shows that the
shear modulus is reduced eventually with the increase of
atomic number of X element. The peak shear stresses also
decrease gradually in all three shear directions with the in-
crease of atomic number of X element, indicating that the
hardness of these anti-fluorite structured Mg2X compounds
would decrease in sequence [40]. The ideal shear strengths of
Mg2X compounds occur in the [11-2] direction on (111) plane
for its lowest peak shear stress, and the values of Mg2Si,tension in [001], [011] and [111] tensile loading directions.
under three typical shear loading cases.
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and 1.69 GPa, and the corresponding critical shear strains are
0.42, 0.40, 0.32 and 0.31, respectively. So Mg2Si is the stiffest
compound while Mg2Pb is the most fragile due to the lowest
critical shear strain.3.2. Electronic propertiesFig. 3. The density of states (DOS) for (a) Mg2Si, (b) Mg2Ge, (c) Mg2Sn and
(d) Mg2Pb compounds.In order to understand the underlying mechanism of me-
chanical properties of Mg2X (X ¼ Si, Ge, Sn and Pb), the
electronic properties are further studied. At the equilibrium
states, the electronic density of states (DOS) were calculated
and shown in Fig. 3, in which the Fermi level was marked by
dotted line. It can be seen that the band gap decreases from
Mg2Si to Mg2Ge, while Mg2Sn and Mg2Pb are semimetals for
the small finite values of DOS at the Fermi level. Since the
bonding of Mg2X is a mixture of ionic and weak covalent
components [8,9,44e50], with the increase of atomic number
of X element, the hybridization between X p-states and Mg s-
states are gradually decreased, indicating that the covalent
feature would be weaker in sequence, which is in reasonable
agreement with the charge density distribution below. On the
other hand, the Mg2X valence band splits into two sub-bands,
the lower energy band and higher energy band. In detail, the
lower valence band is respectively from 9.08 to 7.08,
9.66 to 7.98, 8.92 to 7.17 eV and 9.78 to 8.52 eV
for Mg2Si, Mg2Ge, Mg2Sn and Mg2Pb, which is mainly
originated from the X (X ¼ Si, Ge, Sn and Pb) s-states,
whereas the band at higher energy is dominantly derived from
hybridization of X p-states with Mg s- and p-states.
To better understand the ideal strengths of Mg2X (X ¼ Si,
Ge, Sn and Pb) compounds, the variation of the lattice and
charge distribution under tension and shear strains are also
studied. The evolution of four main Mg-X bonds under the
[111] tensile strain is displayed in the upper panel of Fig. 4. It
can be seen that during the strain, the MgeX bond A parallel
to [111] direction stretches dramatically, while three other Mg-
X bonds (MgeX bond B along [01-1] direction, bond C par-
allel to [11-1] direction and bond D along [0-1-1] direction)
are slightly extended. When the tensile stress reached the
critical maximum value, the bond A would be first broken.
The corresponding charge densities of Mg2X (X ¼ Si, Ge,
Sn and Pb) compounds for the [111] tensile strain have been
further studied. As an example, the results of Mg2Si are
plotted in the down panel of Fig. 4. For perfect crystals, higher
charge density around X atoms and much lower charge density
of Mg atoms mark the ionic character in bonds between Mg
and X elements. However, obvious covalence is also predicted
from the high charge density in the center of both bonds
MgeX and XeX (called the bond critical points (BCPs) [51]).
With the increase of the atomic number of X element, both the
high charge density areas around X atoms and charge density
in BCPs of bonds XeX and MgeX are decreased, implying
that both ionic and covalent parts are decreased in sequence.
During the [111] tensile deformation, bond length of A was
dramatically stretched and the charge density was largely
reduced, which resulted in the intense redistribution of thehigh charge density around X atoms. With increasing atomic
number of X element, the change of the shapes of high charge
density area around X atoms became smaller, indicating that
larger change would lead to higher tensile strength of Mg2X
compounds. At the critical tensile strain, the stretched
Fig. 4. The evolution of bonds for Mg2X compounds under tensile strain along
[111] direction, and the corresponding 2D charge densities on (1e10) plane of
Mg2Si.
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tion, and the tensile stress reached the peak value of the
stressestrain curve.
The evolution of four main MgeX bonds of Mg2Si under
the (111) [11-2] shear deformation is displayed in the upper
panel of Fig. 5. It is found that both bonds A and C are pro-
longed during the deformation process while bonds B and D
have been slightly shortened. When the shear stress reached
the critical value, both bonds A and C are broken. As a
representative, the corresponding charge densities of Mg2Si
compound on (1e10) plane under (111) [11-2] shear defor-
mation have also been plotted in the down panel of Fig. 5,
which contains [11-2] direction perpendicular to (111) plane.
It can be seen that with the dramatic stretch of bond lengths of
both A and C during the deformation, charge densities in
BCPs of bonds A and C are largely reduced, and the high
charge density area around X atom became more circular, the
covalent bonding strength is obviously reduced. Furthermore,Fig. 5. The evolution of bonds for Mg2X compounds under (111) [11-2] shear
deformation, and the corresponding 2D charge densities on (1e10) plane
Mg2Si.with increasing atomic number of X element, the change
became smaller, indicating that larger change would lead to
higher ideal shear strengths of Mg2X compounds. At the
critical strain, the charge in BCPs of bonds A and C is
depleted, and the bonds A and C are first broken.
To further probe the microscopic feature of bond breakage
in Mg2X (X ¼ Si, Ge, Sn and Pb) compounds during defor-
mation, the length variation features of bonds under tensile
and shear strains are investigated. The prototype results for
tension strain of Mg2Si are shown in Fig. 6. It is found that
during [111] tensile strain, the bond-length in bond A becomes
larger nonlinearly. Upon breakage at the critical point, the
length of bond A increases linearly with increasing of tension
strain. The length difference of bond A between two succes-
sive steps is also displayed in Fig. 6. Obviously, the length
difference of bond A first increases. At the critical point where
the cleavage happens, the length difference of bond A between
two successive steps keeps a constant value. The critical
strains of Mg2X are in accordance with the results of
stressestrain curves.
During (111) [11-2] shear deformation, both A and C bonds
in Mg2X are stretched, while bonds B and D show the same
slightly shortened feature. As an example, Fig. 7 displayed the
variation feature of bond length of Mg2Si. Due to the simi-
larity, the variation of bond D is omitted. It is found that bond
C is elongated more than bond A at first, and then the elon-
gation of A exceeds that of bond C with the increase of strain.
To probe the microscopic feature of bond breakage in Mg2Si
under (111) [11-2] shear deformation, the bond length differ-
ences of bond A and C are also plotted in Fig. 7, the shortened
bonds B and D are not given owing to their irrelevance to bond
breakage feature. It can be seen that the bond length difference
of bond A exhibits nonlinear feature at first while C bond has
two sudden changes of bond-length difference during strain
processing, indicating a different elongation feature of the two
bonds. At the critical shear strain, the cleavages happen, and
then both bonds A and C keep constant values.Fig. 6. The length variation feature of bond A during the [111] tensile stain of
Mg2Si.
Fig. 7. The bond variations feature of Mg2Si compound during the (111) [11-
2] shear stain. Bond B and D should have the same change feature, so only
variation of B bond is plotted.
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In summary, the mechanical properties including elastic
properties, ideal tensile and shear strengths of Mg2X (X ¼ Si,
Ge, Sn and Pb) have been investigated from first-principles
calculations. The calculated results showed that the ideal
tensile strengths of Mg2X occur in the [111] direction, indi-
cating that the structural cleavage occurs easily in this direc-
tion. While the ideal shear strengths happen in the (111) [11-2]
system. Furthermore, with the increase of atomic number of X
element, both the ideal tensile and shear strength decreased
gradually. During tension and shear strains, the charge in
BCPs of the dramatic stretched bonds is obviously decreased.
At the critical strain, the charge in BCPs of the dramatic
stretched bonds is depleted, and these bonds are broken. The
variation features of charge density distribution in structural
evolution under strain further reveal the underlying mecha-
nism for the ideal strength of Mg2X compounds.
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